ABSTRACT Effects of 2 types of methods of administration (moa; in ovo or s.c.) of the Marek's disease (MD) vaccine and 4 and 18 h pre-placement holding times (pht) on the performance of male broilers through 48 d of age were investigated. Ross 708 broiler hatching eggs (3,900) were either in ovo-vaccinated at 18 d of incubation or chicks from eggs that were not in ovo-injected were vaccinated s.c. at hatch, and chicks from each moa group were held for one of the 2 pht. In ovo injections (50 μL) were delivered by a commercial multi-egg injector and s.c. injections (0.2 mL) were delivered by an automatic pneumatic s.c. injector. Sixteen birds were assigned to each of 15 replicate floor pens belonging to each of the 4 moa and pht combination groups. Mortality and BW gain were determined at weekly intervals, and feed consumption and conversion were determined in the zero to 14, 14 to 28, 28 to 42, and 42 to 48 d age intervals. No interactive effects between moa and pht were observed for any variable, and mortality was not significantly affected by moa or pht. The 14 to 28 d feed consumption and 14 to 21 d BW gain of s.c.-vaccinated birds were lower than that of in ovo-vaccinated birds, and the increase in pht from 4 to 18 h decreased feed consumption through 28 d post hatch and BW gain through 35 d post hatch. Overall, the performances of male Ross 708 broilers through 48 d of age in response to in ovo and s.c. injections of the MD vaccine were comparable, and delays in hatchling placement should be less that 18 h in duration. Furthermore, despite the decrease in BW gain through 35 d associated with the reduction in feed consumption through 28 d in response to the 14 h increase in pht, in ovo injection did not exacerbate the effect of the increase in pht.
INTRODUCTION
The traditional types of methods of administration (moa) of poultry vaccines have been by s.c. or i.m. injection (Oei and de Boer, 1986; Bermudez and StewartBrown, 2008) . Prior to the introduction of in ovo (i.o.) injection technology, the s.c. injection of individual broiler chicks by hand, using an automatic vaccinator on d of hatch, has been the conventional method for the administration of the Marek's disease (MD) vaccine (Johnston et al., 1997; Ricks et al., 1998) . The MD vaccine is commercially available for s.c. and i.o. injection. However, i.o. vaccination for MD is currently accepted by the U.S. poultry industry, with 98 to 99% of broilers now being vaccinated by i.o. injection (Johnston et al., 1997; Jochemsen and Jeurissen, 2002) . For improved efficacy and optimal broiler performance, i.o. injection of the MD vaccine at transfer must be into the amnion or directly into the body of the embryo, with the exception of intra-cranial, intra-orbital, and intra-abdominal injections (Wakenell et al., 2002) . When solutions are injected into the amniotic sac during late embryogenesis, they are eventually swallowed, digested, and then absorbed by the embryo (Uni et al., 2005) . Sharma et al. (1984) conducted a study that was limited to an investigation of the effects of hand i.o. and s.c. injections of the MD vaccine on the BW gain, humoral, and cellular immune responses, and tissue lesions of progeny from a cross between specific male 1071 and female lines of chickens that were maintained in their laboratory. It was found that i.o. administration did not cause progressive lesions, a reduction in BW gain, or an impairment of immunity. Also, in a study by Gildersleeve et al. (1993) , in which a comparative evaluation was solely directed toward determining the effects of i.o. and s.c. injections on hatchability, mortality, feed consumption and conversion, processing live weight and condemnations, and settlement costs, it was surmised that i.o application of the MD vaccine reduced or improved settlement costs and was safe and efficacious. In a recent companion study by Peebles et al. (2016) , it was observed that although i.o. administration of the MD vaccine did not negatively affect Ross 708 broiler hatchability or hatchling total and yolk-free BW, body length was increased and body mass index was decreased at hatch in response to i.o injection. However, in comparison to s.c. injection, i.o. injection did not affect placement total or yolk-free BW, body length, or body mass index at 18 h post hatch. Vieira and Moran (1999a) have concluded that chicks subjected to delayed access to food, with a subsequent decrease in overall food consumption, are unable to eventually attain the weight of those that are fed earlier.
A delayed transition from yolk-derived lipid to dietarybased carbohydrate energy sources for chicks has been found to be related to increased incidences of ketosis and dehydration (Nir and Levanon, 1993; Vieira and Moran, 1999a) . These findings are confirmed by other studies having shown that increases in the delayed placement or pre-placement holding time (pht) of broilers leads to increased mortality and decreases in post-hatch performance (Fanguy et al., 1980; Stamps and Andrews, 1995) . Fanguy et al. (1980) has further concluded that increasing the period of time between hatching and chick placement markedly reduces placement BW and that this reduction can persist through 4 wk of post-hatch age. Peebles et al. (2016) also reported that increasing pht from 4 to 18 h increased chick body length, relative yolk-free BW, and yolk moisture content at placement. However, the increased delay decreased placement total absolute BW, body mass index, absolute and relative yolk sac weight, and yolk-free body moisture content, and decreased d 7 post-hatch BW. Furthermore, both s.c. and i.o moa did not adversely affect subsequent chick quality through 7 d of post-hatch age, whether or not chicks were held for 4 or 18 h prior to placement.
Nevertheless, comparative effects of the moa (s.c. or i.o) of the MD vaccine and its possible interaction with pht (4 or 18 h) on the post-hatch performance of modern strain broilers, inclusive of the integrated responses of the feed consumption, BW gain, and feed conversion, have not been previously examined. It is important to ascertain and compare the potential relative stresses that i.o. and s.c. injections may additionally impose on the extant metabolic stress that a prolonged nutritional transition has on modern, fast-growing commercial broilers. It is likewise of further interest to compare the effects of i.o. injection using a commercial multi-egg injector with that of s.c. injection using a commercial automatic pneumatic injector. Therefore, the objective of this study was to determine the interactive as well as the main effects of the moa of the MD vaccine, using current automated commercial application methods, and pht on various related post-hatch performance variables of male Ross 708 broiler chicks through 48 d of age.
MATERIALS AND METHODS

Research Design and Treatments
The protocols for the current study were approved by the Institutional Animal Care and Use Committee of Mississippi State University. Sixty-five Ross 708 (Aviagen, Inc., Huntsville, AL) broiler hatching eggs were obtained from a commercial source that employed biosecurity and that managed its breeder flocks typical for the industry in the area. The eggs were randomly set in each of 15 replicate incubator trays belonging to each of 4 pre-assigned moa and pht treatment combinations (60 total trays; 3,900 total eggs). Eggs were incubated under standard conditions (Peebles and Brake, 1987) in single stage Jamesway model PS 500 setter and hatcher units (Jamesway Incubator Co., Inc., Cambridge, Ontario, Canada) housed in an isolated hatchery facility. Information concerning the positioning of trays in the incubator, and the candling and selection criteria of the experimental eggs were as described by Peebles et al. (2016) HVT; Zoetis, Florham Park, NJ) that was diluted using commercial diluent according to the directions of the manufacturer (Zoetis MD vaccine diluent). The MD vaccine used for the i.o. and s.c. injections was from the same lot and was kept frozen in a cryovessel containing liquid nitrogen until used. After removal from the cryovessel, the vaccine was diluted and then immediately used. The birds received no other vaccines apart from the MD vaccine.
Before placement, male chicks from each i.o. and s.c. vaccination treatment group were subjected to one of the 2 pht periods (4 or 18 h). The replicate trays belonging to each pre-assigned moa and pht combination in the setter were matched with subsequent corresponding replicate hatcher baskets and grow-out pens. At hatch, 16 male chicks were subsequently selected at random from each treatment replicate group and were placed in chick baskets that were assigned to each of 15 replicate floor pens belonging to each of the 4 moa and pht treatment combination groups (60 total pens). The chick baskets were placed inside their respective floor pens, providing all chicks similar brooding conditions. The chicks were held in the baskets without access to feed and water until their respective assigned pht was completed.
After pht completion, 16 male chicks were released into each floor pen of an isolated grow-out facility. The pens contained fresh wood shavings as litter material and were 1.22 m × 0.914 m (1.12 m 2 ) in dimension. Therefore, each chick was allocated approximately 0.07 m 2 of floor space in each pen. At that time, chicks were then also provided ad libitum access to feed and water. Chicks were brooded under standard conditions (Bruzual, et al., 2000) and received standard Mississippi State University broiler basal diets, which were formulated to meet or exceed NRC (1994) recommendations throughout the grow-out period. Birds were provided basal starter, grower, finisher, and withdrawal diets on d zero to 14, 14 to 28, 28 to 42, and 42 to 48, respectively.
Data Collection
The recording of all data on d zero was initiated at 18 h post hatch upon completion of the 18 h pht. Mortalities were recorded daily, and total bird numbers and mean BW per pen were recorded on d zero, 7, 14, 21, 28, 35, 42, and 48 . The weight of unconsumed and added feed, for determination of feed consumption, was recorded on a per pen basis on d zero, 14, 28, 42, and 48 (Peebles et al., 1999) . Body weight gain, feed consumption, and feed conversion were adjusted for bird mortality and sampling. Mortality and mean daily BW gain in the zero to 7, 7 to 14, 14 to 21, 21 to 28, 28 to 35, 35 to 42, and 42 to 48 d age intervals were determined. Moreover, total mortality from zero to 48 d post hatch was calculated. Mean daily feed consumption and conversion were determined for the zero to 14, 14 to 28, 28 to 42, and 42 to 48 d age intervals.
Mortality was calculated as a percentage of the birds initially placed in each pen, with adjustments made for bird sampling for maintenance of correct bird density. The unit of expression for mean BW at each age period was g. For each of the previously indicated age intervals, the units of expression for daily BW gain and feed consumption was g per bird per d, and for mean daily normalized and non-normalized feed conversion ratios was per bird per day.
Statistical Analysis
A completely randomized experimental design was employed. There were 15 replicate units (pens) that belonged to each moa-pht treatment combination. All performance variable data were analyzed by two-way ANOVA in a 2 moa (i.o.-injected and s.c.-injected) × 2 pht (4 and 18 h) factorial arrangement of treatments to test for the main and interactive effects of moa and pht, with moa and pht serving as fixed factors and with replicate pen serving as a random factor. Individual sample data within each of the replicate units were averaged before analysis. All percentage data were subjected to an arcsine square root of the percentage data transformation before analysis (Snedecor and Cochran, 1974) . All data were analyzed using the MIXED procedure of SAS software 9.4 (SAS Institute, 2012). Least squares means were compared using Fisher's Protected LSD in the event of significant global effects. F tests were performed to evaluate treatment effects, and comparison of least squares means was achieved using t tests (Littell et al., 2006) . Statements of significance were based on P ≤ 0.05 unless otherwise stated.
RESULTS
No significant interactive effects between moa and pht were observed for any of the variables examined. There were also no main effects due to moa or pht for broiler mortality within each weekly interval or for overall total mortality through 48 d of age. There were also no main effects due to moa for mean BW at each weekly age period. However, for reference purposes, total mortality in the i.o and s.c. moa groups were 3.24 ± 0.934% and 3.60 ± 0.917%, respectively, and in the 4 and 18 h pht groups were 3.45 ± 0.934% and 3.39 ± 0.917%, respectively.
There were likewise no main effects due to moa or pht for 28 to 42 and 42 to 48 d feed consumption, and there was no moa main effect for zero to 14 d feed consumption. However, moa (P ≤ 0.05) and pht (P ≤ 0.01) main effects were observed for 14 to 28 d feed consumption, and a pht main effect (P ≤ 0.007) was observed for zero to 14 d feed consumption. The moa and pht means for feed consumption in each of the zero to 14, 14 to 28, 28 to 42, and 42 to 48 d time interval are provided in Tables 1 and 2 , respectively. The 14 to 28 d feed consumption of s.c.-vaccinated birds was lower than that of i.o.-vaccinated birds (Table 1) , and the increase in pht from 4 to 18 h decreased feed consumption in the zero to 14 d and 14 to 28 d age intervals (Table 2) .
In comparison to the 4 h pht, the 18 h pht significantly decreased mean BW at placement on d zero (P ≤ 0.0001), and on d 7 (P ≤ 0.0001), 14 (P ≤ 0.004), 21 (P ≤ 0.003), and 35 (P ≤ 0.008) post hatch (Table 3). There were no moa main effects for BW gain in any 6 of the 7 weekly age intervals through 48 d post hatch. However, in comparison to i.o. injection, s.c. injection did significantly (P ≤ 0.03) reduce BW gain in (Table 4 ). There were also no significant main effects due to pht for BW gain in 4 of the 7 weekly post-hatch periods, but significant decreases in BW gain did occur in response to an increase in pht from 4 to 18 h in the zero to 7 d (P ≤ 0.0001), 14 to 21 d (P ≤ 0.006), and 28 to 35 d (P ≤ 0.04) intervals (Table 5) . Nevertheless, no main effects due to moa or pht were observed for normalized or non-normalized feed conversion ratios in the zero to 14, 14 to 28, 28 to 42, and 42 to 48 d age intervals.
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DISCUSSION
In the current investigation, average mortality across all groups of birds throughout the 48 d post-hatch period approximated 3.5%, and was not significantly affected by moa of the MD vaccine, whether or not it was given as a 50 μL volume by i.o. injection or as a 200 μL volume by s.c. injection. There was also no significant effect of moa on the mean BW of the birds at each of the weekly age periods through 48 d post hatch. In a companion study by Peebles et al. (2016) , in which the current types of moa were employed, it was reported that although body length was increased and body mass index was decreased at hatch by i.o. injection in comparison to non-injected controls, total BW at placement and at 7 d post hatch were not significantly affected by moa. Furthermore, upon administering 200 μL of the MD vaccine in commercial MD diluent by i.o. injection, Guo et al. (2003) showed that this method did not adversely affect post-hatch mortality in specific-pathogen-free or commercial broilers, and Zhai et al. (2011) also noted that in comparison to non-injected controls, the i.o. injection of 400 μL of commercial vaccine diluent in broiler hatching eggs did not adversely affect hatchling total or yolk-free BW, yolk sac weight, or yolk-free body and yolk moisture concentrations.
Nevertheless, in an earlier study, Sharma et al. (1984) reported that in comparison to s.c. injections, 100 μL i.o. injections of the MD vaccine in chickens from a laboratory cross were safe and resulted in an earlier immune response without causing progressive tissue lesions. Gildersleeve et al. (1993) also showed that in comparison to the conventional s.c. method in which a 200 μL volume of solution was given, i.o. administration of 50 μL of the MD vaccine improved live production results more safely and efficiently in integrated com- mercial broiler operations. Upon consideration of the combined results of the current and previous reports concerning the volume and moa of the MD vaccine, it is suggested that between 50 and 400 μL of the vaccine may be delivered by i.o. injection without adversely affecting broiler livability and BW through 48 d of growout, and that i.o. injection also may be less intrusive to broiler development than is s.c. injection. The handling of hatchlings in association with s.c. injection may be more stressful to broilers than is i.o. injection. Average mortality across all groups of birds throughout the 48 d period of grow-out in this current study was also not significantly affected by an increase in pht from 4 to 18 h. Nevertheless, Fanguy et al. (1980) observed that a pht beyond 48 h caused a significant increase in mortality in an unidentified strain of commercial broilers, particularly during the first wk of post-hatch life. Mortality further increased sequentially when pht was increased to 72 h and then to 100 hours. Conversely, Peebles et al. (2005) found that a 72 h pht did not significantly affect the mortality of Cobb 500 broiler chicks throughout that same time frame. The conflicting mortality results of the studies by Fanguy et al. (1980) and those of Peebles et al. (2005) may relate to differences in commercial broiler strain used, whereas the lack of a pht effect on mortality in the current study was apparently due to the much shorter durations of the pht treatments employed.
In this study, the increase in pht from 4 to 18 h significantly reduced the BW of the Ross 708 broilers at placement (d zero) as well as on d 7, 14, 21, and 35. Stamps and Andrews (1995) similarly observed that feed and water restriction for 24 and 48 h resulted in significant consecutive reductions in the BW of male broiler chicks at placement. Vieira and Moran (1999b) likewise later noted that the yolk-free BW and yolk sac weights of Ross 308 male broiler hatchlings were decreased in response to a delayed access to feed and water for a pht of 24 h, and although Peebles et al. (2005) noted that the deprivation of feed and water to straight run Cobb 500 broiler chicks for 6 h did not result in a loss in total or yolk-free BW at placement, successive significant losses in BW occurred if chicks were deprived of feed and water for 24, 48, and 72 h. More specifically, the birds in that study experienced a 19% decrease in BW between zero and 72 h post hatch. Fanguy et al. (1980) also observed that a significant reduction in commercial broiler chick BW occurred in response to a 72 h pht, and that a further significant reduction in BW occurred when a 100 h pht was imposed. The depression in BW due to these delays in placement manifested throughout 4 wk of post-hatch age. Comparison of the current BW results with those of the earlier studies described indicates that a pht without available food and water for 18 h or more can result in significant reductions in broiler post-hatch BW.
In spite of the fact that moa had no significant effect on mean BW at each of the weekly age periods, there were significant integrated responses of feed consumption and BW gain to both moa and pht in the various age intervals examined in this study. The 14 to 28 d feed consumption and 14 to 21 d BW gain of s.c.-vaccinated birds was lower than that of i.o.-vaccinated birds, and the increase in pht from 4 to 18 h decreased feed consumption through 28 d post hatch and BW gain through 35 d post hatch. Although the 2 types of moa were not compared in the following earlier reports, it was found that the s.c. injection of 200 μL of gentamicin in broilers provided growth and feed efficiency advantages over un-medicated controls (Vernimb et al., 1976) , and the i.o. injection of various solutions, ranging in volume from 100 to 500 μL, containing nutrients including L-carnitine (Keralapurath et al., 2010) , glucose (Salmanzadeh et al., 2012) , 25-hydroxycholecalciferol (Bello et al., 2014) , amino acids (Shafey et al., 2014) , ascorbic acid (Rizk and Ibrahim, 2014) , and ß-hydroxy ß-methylbutyrate (Muglali et al., 2016) , have been shown to be either non-detrimental or advantageous to the post-hatch BW gain, feed intake, or feed conversion of broilers. Furthermore, in the study conducted by Sharma et al. (1984) , no reductions in the BW gain of chickens were noted in response to 100 μL volumes of MD vaccine administered by i.o. injection.
Concerning the effects of pht on post-hatch broiler feed intake and growth, Franco et al. (2006) showed that as the pht of broiler chicks was increased in 12 h intervals up to 48 h, there was a linear reduction in their live BW and feed intake. Effects due to pht involving feed and water deprivation on the early performance of male Ross 708 broilers through 7 d post hatch have been noted more recently by Oliveira et al. (2015) . In comparing zero and 24 h pht periods, Oliveira et al. (2015) noted that BW gain and feed intake were reduced and that feed conversion ratio was higher or poorer from zero to 7 d of post-hatch age. Conversely, Obun and Osaguona (2013) observed no effect of post-hatch feed and water deprivation for 12, 24, or 36 h on BW, BW gain, feed intake, or feed conversion on the performance of straight run Sayed broilers. Only feed and water deprivation for up to 48, 60, or 72 h post hatch resulted in adverse effects on those variables. The contrasting results of that study may be partly due to the use of both sexes of a distinct type of commercial broiler. Upon review of the results of this and the previously mentioned reports concerning the effects of moa and pht on feed consumption and BW gain, it is surmised that a delay in pht of 12 h or more can adversely affect commercial broiler growth subsequent to a reduction in feed intake. It is suggested that the basis for the relationship between reduced feed intake and growth suppression is a reduction in nutrient availability. Nevertheless, administering MD vaccine by i.o. injection does not display an adverse effect on these post-hatch variables and also does not exacerbate the negative effects of an extended pht.
In conclusion, when compared to the s.c. injection of the MD vaccine, i.o. injection increased the post-hatch growth of Ross 708 broiler chicks between the second and third wk of grow-out in association with an increase in feed intake. Although prolonging pht by 14 h reduced BW gain through 35 d in association with the reduction in feed consumption through 28 d, because there was no interaction between moa and pht for any of the performance variables examined, it also may be concluded that administering the MD vaccine by either i.o. or s.c. injection does not exacerbate the effect of an increase in pht from 4 to 18 hours. It is further suggested that the post-hatch performance responses of male Ross 708 broilers to i.o. and s.c. injections of the MD vaccine are generally comparable, and that the duration of delays in broiler chick placement should be shorter than 18 hours. In light of the fact that i.o. administration of the MD vaccine is integral to the economic advancement of the commercial broiler industry, and that minimization of pht prior to placement is important for the optimization of post-hatch performance, future research should be directed toward further investigating the use of various i.o.-injected vaccines and nutrient supplements for enhancement of the performance of broiler hatchlings subjected to a prolonged pht.
